The presence of specific messenger RNAs in the nuclei of mature mammalian spermatozoa has been demonstrated by several independent laboratories. Others have suggested that various polymerases may also be active in mature spermatozoa. This has led to the notion that the 'sleeping' genome may not be so quiescent after all. The alternate use of somatic-like nucleosomal and haploid protamine packaging structures to assemble sperm chromatin and the ordered array of chromosomes within the mature human sperm nucleus support this view. This has led us to address the issue of whether a somatic-like organization of select regions of the paternal genome and the mRNAs present in spermatozoa were correlated. Results from this and other laboratories suggest that this is indeed the case. Potential roles for this novel packaging and the accumulation of transcripts within the mature human sperm nucleus are discussed.
Introduction
A spermatogonia to give rise to the differentially determined type B spermatogonia (reviewed in Dym, 1994) . Type B The onset of mammalian spermatogenesis is initiated from the spermatogonia are committed to meiosis and cannot give pluripotent spermatogonial stem cells. Profound morphological rise to new stem cells. The 2N type B spermatogonia then and functional changes are observed as the cells mature within differentiate in turn to 4N leptotene, zygotene then pachytene the seminiferous tubules of the testis. This complex process spermatocytes. Following the first meiotic division, the 2N involves the activation of what can be considered an alternative secondary spermatocyte then divides again to yield the 1N genome. Numerous examples exist of genes that are expressed round spermatid. Nuclear reorganization during maturation of solely in the developing male gamete, and somatic genes for the elongating spermatid yields the terminally differentiated which there are male haploid specific homologues. For mature spermatozoon (reviewed by Dadoune, 1995) that is at example, during spermiogenesis the haploid translated acrosin least 6-fold more compact than its somatic counterpart (Pogany gene is transcribed in the pachytene spermatocyte (Kashiwabara et al., 1981; Ward and Coffey, 1991) . This profound morphoet al., 1990) , whereas the protamine (PRM1 and PRM2) and logical change occurs gradually in several well defined stages transition protein (TNP1 and TNP2) genes are transcribed in that are accompanied by, and in part caused by, the transition the round spermatid (Kleene et al., 1984; protein mediated replacement of the histones with the protam-1995). Similarly, loss of Pgk-1 activity during male haploid ines. The resulting terminally differentiated species-specific X-inactivation is compensated by the activation and utilization shaped mature spermatozoon (Balhorn, 1989 ) is believed to of the male germ-line specific Pgk-2 gene (Goto et al., 1990;  be transcriptionally inert (Kierszenbaum and Tres, 1975; Bellvé McCarrey et al., 1992 . Spermatogenesis is phenotypically well defined, from the Post-meiotic changes in chromatin structure are facilitated primordial stem cell spermatogonia to the fully differentiated by the transition protein-mediated replacement of the histone mature spermatozoa. This process has been subdivided into compliment with the small, positively charged protamine 64 morphologically different stages in the rat (Perey et al., proteins. This can be viewed as central to the formation of the 1961). In contrast, spermatogenesis in humans is virtually fertile male gamete as suggested by the correlation of lack of continuous, and requires~63 days to complete (Willison and protamine expression with infertility (de Yebra et al., 1993) . Ashworth, 1987) , appearing more heterogeneous than in other
The protamine genes are representative members of the male mammals (Clermont, 1963) .
haploid expressed alternative genome. They are expressed The ultimate stage of differentiation is mediated by cell solely in round spermatids, and are subject to both transcripcommunication, directed by various paracrine/autocrine factors tional and translational control (Kleene et al., 1984) . After and hormones, e.g. follicle stimulating hormone and testostertranscription, in the haploid round spermatid, protamine one. As shown in Figure 1 , rather than producing more mRNAs are stored as ribonucleoprotein complexes until transprimitive gonia through mitotic self-renewal, these signals lation in the elongating spermatid (Sinclair and Dixon, 1982; Hecht, 1986; Morales et al., 1991) . This is a tightly regulated direct the virtually undifferentiated, pluripotent primitive type (De et al., 1991) . Upon the silencing of the X-linked PGK-1, the male haploid specific PGK-2 is potentiated and transcribed in the pachytene spermatocyte. The protamines (PRM) are transcribed in the round spermatid, but are stored as mRNPs and not translated until the elongating spermatid stages to complete transcription protein (TNP) mediated histone replacements.
process, as premature expression of protamines, at least in printing could provide a diagnosis of male fertility (Miller transgenic mice, has been shown to arrest spermatid differentiet al., 1994) . ation (Lee et al., 1995) .
Specific mRNAs, e.g. Zfp59, have also been identified in the mature spermatozoa of rodents (Passananti et al., 1995) . The mouse Zfp59 gene encodes a zinc finger protein, previously
RNA in spermatozoa
termed Mfg2 (Passananti et al., 1989) , that is expressed in post-meiotic male germline cells. This mRNA accumulates in Several laboratories have described the presence of RNAs in the nuclei of mature mouse spermatozoa, and is associated the mature, terminally differentiated, spermatozoon. Initially, with the nuclear matrix. The authors suggest that the Zfp59 Rejon et al. (1988) identified an mRNA within the condensed protein may play a role in regulating DNA organization chromatin of the mature sperm nucleus of the fern and condensation during terminal differentiation (Passananti Scolopendrium. This observation was followed with the visualet al., 1995) . ization of RNA in mature rat spermatozoa by an RNaseThe presence of the adhesive β 1 integrin protein on the colloidal gold procedure (Pessot et al., 1989) . The first specific surface of ejaculated spermatozoa (Glander and Schaller, 1993) RNA to be identified in mature spermatozoa was that of the and on spermatogenic cells in human testis (Schaller et al., U1 and U2 snRNA (Concha et al., 1993) , whereas the first 1993) has been established. These transcripts were observed messenger RNA to be identified in the mature spermatozoon in ejaculate human spermatozoa (Rohwedder et al., 1996) . was that of the proto-oncogene c-myc (Kumar et al., 1993) .
This has led to the suggestion that the β 1 integrin mRNAs Subsequent reports using reverse transcription-polymerase may play a role in adhesive mechanisms during fertilization chain reaction (RT-PCR) showed that human leukocyte antigen (Rohwedder et al., 1996) . class I -G and -B mRNAs were also present (Chiang et al. Earlier this year, this laboratory reported the detection of 1994). The recent use of differential display has demonstrated haploid expressed transcripts in the mature spermatozoon. that both β-actin and PRM2 mRNA were present in human Transcripts corresponding to the round spermatid transcribed ejaculate spermatozoa (Miller et al., 1994) . As expected, while human protamine 1 (PRM1), protamine 2 (PRM2), and transboth β-actin and PRM2 mRNAs were present in normal ition protein 2 (TNP2) genes were identified in epididymal semen, azoospermic semen (absence of spermatozoa in semen) and ejaculate spermatozoa (Wykes et al., 1997) . Moreover, contained only β-actin mRNA. The authors suggested that human β-actin mRNA was found to be present in the mature mRNAs in spermatozoa were likely the remnants of stored spermatozoa, whereas the erythroid specific β-globin mRNA mRNAs from post-meiotically transcribed genes. They prewas absent. It is now evident that a very specific set of mRNAs dicted the presence of other translationally-regulated male haploid expressed genes, and suggested that RNA fingerare present in the mature spermatozoa. However, neither
RT-PCR nor in-situ hybridization can distinguish between a species. Within these domains of the mature spermatozoon, the DNA is bound by protamines, rather than by histones. transcriptionally active system yielding RNA and stable RNA within a dormant system.
Unlike the organization of nucleosomes as solenoids in the somatic nucleus, the DNA in the sperm nucleus has been proposed to be organized into a doughnut-like configuration Polymerases in spermatozoa (Ward, 1993) . As shown in Figure 1 , the protamine-bound DNA is stacked in a spiral conformation, in which individual In light of the recent data summarized above, the transcriptional state of the human sperm genome warrants consideration.
strands are positioned in a stacked, linear array. In the tightly condensed sperm nucleus, these spiral arrays of protamine Among the first indications that there was nuclear activity within the mature sperm nucleus was the observation of active bound DNA are bound at their ends to the nuclear matrix, appearing as doughnut-like structures in close association with DNA-polymerase in human, bull and mouse spermatozoa (Hecht, 1974; Witkin et al., 1975;  Chevaillier and Philippe, the proteinaceous nuclear matrix (Ward, 1993) . Despite the tightly packaged and seemingly inert nature of 1976). Witkin et al. (1975) demonstrated the incorporation of [ 3 H]-dTTP into acid-precipitable material using purified sperm chromatin, entire chromosomes and individual genes within the haploid genome are organized in a specific manner. preparations of swollen human sperm heads. This polymerase activity was sensitive to RNase or DNase and required the The centromeres of all 23 human chromosomes appear to be positioned within a compact region well inside the spermatopresence of dATP, dCTP and dGTP plus Mg 2ϩ (Witkin et al., 1975) . It was unaffected by the presence of actinomycin D, zoon nucleus (Zalensky et al., 1995) . In contrast, the telomeres and subtelomeric regions of each chromosome are positioned which prevents RNA elongation. In light of the absence of a requirement for DNA polymerase activity within the mature along the nuclear periphery. Similarly, monotreme chromosomes are positioned as a tandem array in a defined order spermatozoon itself, the authors suggested a role for this activity in fertilization, embryogenesis and/or oncogenesis.
within the sperm head such that individual sequences localize to discrete regions within the mature sperm nucleus (Watson RNA polymerase activity has also been described in mature spermatozoa (Miteva et al., 1995) . In this report, chromatin et al., 1996) . However, within hamster sperm nuclei, the relative arrangement of chromosomes is flexible (Ward et al., isolated from mature rat sperm nuclei was used as a template for nuclear run-off transcription. This provided evidence for 1996). These apparent differences may reflect the speciesspecific shape of the sperm head. That is, the elongated the incorporation of [ 32 P]-ATP into existing pre-mRNA. Biotinylated triphosphates were also incorporated in vitro, monotreme sperm head may only allow packaging of the chromosomes in one dimension, while the flattened shape of allowing streptavidin-gold visualization. The activity was destroyed in the presence of RNase and no labelling was the hamster sperm head may permit more of a two dimensional arrangement of chromosomes. observed in the absence of biotinylated UTP (Miteva et al., 1995) . The presence of pre-mRNA and transcription-competent In addition to the localization of whole chromosomes and individual genes to discrete regions within the mature sperm chromatin in the mature sperm nucleus is in direct contrast to the long-held view of an inert sperm nucleus.
nucleus, individual genes have been localized to the sperm nuclear matrix. Two of six hamster genes studied have been Results of nuclear run-off experiments from this laboratory using human spermatozoa have been inconclusive. Thus, it shown to be enriched in the sperm nuclear matrix, while the other four are sperm nuclear matrix independent (Ward and must be emphasized that transcription or the formation of initiation complexes within the male haploid genome has Coffey, 1990) . Moreover, several genes, including β-actin and all of the members of the PRM1→PRM2→TNP2 domain were yet to be conclusively demonstrated in vivo. This requires resolution, since a clear role for transcription in spermatozoa shown to be preferentially localized to the human sperm nuclear matrix. Recently, we have identified two sperm-specific is not readily apparent. The possibility remains that these complexes could serve an as yet unknown function, e.g. nuclear matrix attachment regions (SMARs), at the ends of the PRM1→PRM2→TNP2 domain (Kramer and Krawetz, priming transcription from the male pronucleus. 1996). These SMARs were shown to be present in mature spermatozoa, but did not exhibit any nuclear matrix binding
Chromatin structure in the mature spermatozoa potential in cultured HeLa cells or in circulating lymphocytes. Nuclear matrix association (Ciejek et al., 1983 ; Robinson The presence of RNA in spermatozoa is surprising in light of the unique chromatin structure within the sperm nucleus. et al., 1983) and DNase I-sensitivity (Weintraub and Groudine, 1976; Choudhary and Wykes et al., 1995) are two hallmarks As in the somatic nucleus, chromatin within the mature spermatozoon exhibits a discreet, higher order structure of an alternative chromatin structure. These physical properties are characteristic of genes that are within a potentiated locus (reviewed by Ward and Coffey, 1991) . The highly condensed sperm DNA is organized as loops into topologically constrained (regions of a chromosome that have assumed an alternative open-chromatin conformation that is necessary but not suffidomains (Ward et al., 1989) . These domains are attached at their bases to the sperm nuclear matrix and appear to exhibit cient for gene expression), that may or may not be engaged in transcription. a species-dependent average size. In hamster, the average loop size is 46 Ϯ 7 kb (Ward et al., 1989) , while in human, the One of the first direct correlations between nuclear matrix association and transcription of potentiated chromatin domains loops span~27 kb (Barone et al., 1994) . The sizes of these loops are 50-60% of that found in somatic nuclei from each was demonstrated with the chicken ovalbumin gene (Robinson et al., 1982; Ciejek et al., 1993) . It was shown to be associated nucleohistone fraction of human spermatozoon in universal processes necessary for viability and/or fertilization must be with the nuclear matrix in oviduct cells, in which it is actively transcribed, but was nuclear matrix independent in liver and reconciled with the fact that other mammals appear to have a negligible histone content in their mature spermatozoon (Bench in brain. Similarly, the chicken β-globin gene, which is not transcribed in oviduct, shows no association with the nuclear et al., 1996) . A more likely role for the nucleohistone complement in the matrix in these cells (Robinson et al., 1982) . We have shown that within the mature sperm nucleus several genes including human spermatozoon is in templating the paternal genome for repackaging in the male pronucleus (Kramer and Krawetz, those for β-actin and all of the members of the PRM1→ PRM2→TNP2 domain are preferentially localized to the nuc-1996). The nucleohistone compliment may serve as a template, or point of initiation, to facilitate the replacement of protamines lear matrix. In contrast, genes such as the haploid expressed acrosin gene and tissue specific β-globin gene are preferentially with histones for the formation of a viable male pronucleus in humans. localized to the loop (Kramer and Krawetz, 1996) . In cultured HeLa cells, the members of the PRM1→PRM2→TNP2 domain show no association with the nuclear matrix, and the sperm-
Conclusions
specific MARs are absent (Kramer and Krawetz, 1997a) . Thus, these interactions appear to be specific for spermatogenic cells.
The complex chromatin structure imposed by alternating regions of nucleosome and protamine bound sperm DNA and Another hallmark of a potentiated chromosomal subunit is DNase I-sensitivity. For example, globin genes within chicken the presence of RNA in mature human spermatozoa suggest that the spermatozoon genome is not 'sleeping,' but in a muted erythrocyte nuclei, where the genes are transcribed, exhibit an increased sensitivity to digestion by DNase I (Weintraub and state prior to fertilization. As is now evident, many of the late post-meiotically transcribed genes are synthesized during the Groudine, 1976). Conversely, the same genes in fibroblast and brain cell nuclei, in which they are not expressed, are DNase final burst of transcription prior to the selective transition protein mediated replacement of histones by protamines. They I-insensitive. DNase I-sensitivity analysis from this laboratory has shown that both the PRM1→PRM2→TNP2 domain and are subsequently translated from their stored mRNAs. Perhaps the simplest explanation for the presence of mRNA in the the β-actin gene exist in a region of increased DNase Isensitivity within the mature spermatozoa, while erythroidmature spermatozoon is that it represents the remnants of these untranslated stored mRNAs. specific β-globin gene and male haploid-specific acrosin genes are DNase I-insensitive (Choudhary and Wykes et al., 1995) .
A direct correlation has been demonstrated between DNase I-sensitivity and sperm nuclear matrix association (Kramer In contrast, the members of the PRM1→PRM2→TNP2 domain are DNase I-insensitive in both cultured HeLa cells and and Krawetz, 1996) . This has now been extended to include the presence of the corresponding mRNAs in mature spermatocirculating lymphocytes (Kramer and Krawetz, 1997b) .
zoa. As discussed, mRNAs corresponding to the human protamHuman sperm chromatin: a unique case ines, PRM1 and PRM2, the transition protein TNP2, and β-actin have all been identified in mature spermatozoa, while The packaging of the DNA within the human sperm nucleus appears to be unique. Of the chromatin,~15% remains histone-β-globin mRNA was absent (Wykes et al., 1997) . Both β-actin and the members of the human PRM1→PRM2→TNP2 bound (Tanphaichitr et al., 1978) . A subset of both somatic and testis-specific histones comprise the compliment of hisdomain are DNase I-sensitive and nuclear matrix associated in mature human spermatozoa (Kramer and Krawetz, 1996) . tones found in the human sperm nucleus (Gatewood et al., 1990) . The nucleohistone and nucleoprotamine fractions of β-globin is DNase I-insensitive, and nuclear matrix independent. In the somatic nucleus, these indicators of alternative mature human sperm chromatin demonstrate a sequencespecific relationship (Gatewood et al., 1987) . Preliminary chromatin structure are representative of potentiated genetic domains, i.e. prepared for expression that may or may not be evidence from this laboratory suggests that the PRM1→ PRM2→TNP2 domain may localize with the nucleohistone undergoing active transcription. On one hand, the report of transcriptional activity may reflect a maintenance function to fraction (J.A.Kramer and S.A.Krawetz, unpublished data; J.M. Gatewood and S.A.Krawetz, unpublished data) .
ensure the integrity of nuclear packaging in the case of limited product turnover. On the other hand, this may reflect the It is difficult to assign a role for the nucleohistone fraction of the human male haploid genome. Initially, it may seem presence of assembled polymerase complexes, rather than an actual in-vivo activity within the sperm nucleus itself. tempting to suggest a role for this alternative sperm chromatin structure as a mechanism of imprinting. However, one must
The fate of the individual mRNAs and the function of their corresponding potentiated genic domains during fertilization consider that humans appear to be unique with respect to the histone complement in mature spermatozoon; whereas and early development is unknown. One should consider whether these mRNAs present in mature spermatozoa may imprinting is found throughout numerous mammalian species. Furthermore, successful fertilization by microinjection of a 1N
serve some yet unidentified role in post-fertilization events within the one cell embryo. Alternatively, the mRNA found haploid spermatid (Kimura and Yanagimachi, 1995) suggests that the distinctive imprinted pattern of the paternal genome in spermatozoa may simply represent the remnants of transcript sharing (Caldwell and Handell, 1991) and/or the lack of a is established by the round spermatid stage, before the replacement of the histones with the nucleoprotamine complement means for their degradation (Miller et al., 1994) . Little is known with regard to the mechanisms by which of the mature sperm nucleus. Similarly, any role for the
